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Response of Automated Tow Placed Laminates to Stress Concentrations
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Abstract 5749/ g

In this study, the response of laminates with stress concentrations is explored.
Automated Tow Placed (ATP, also known as Fiber Placement) laminates are
compared to conventional tape layup manufacturing. Previous tensile fracture
tests on fiber placed laminates show an improvement in tensile fracture of large
notches over 20% compared to tape layup laminates. A hierarchial modeling
scheme is presented. In this scheme, a global model is developed for laminates
with notches. A Jocal model is developed to study the influence of
inhomogeneities at the notch tip, which are a consequence of the fiber
placement manufacturing technique. In addition, a stacked membrane mode/
was developed to study delaminations and splitting on a ply-by-ply basis. The
results indicate that some benefit with respect to tensile fracture (up to 11%)
can be gained from inhomogeneity alone, but that the most improvement may
be obtained with splitting and delaminations which are more severe in the case
of fiber placement compared to tape layup. Improvements up to 36% were
found from the model for fiber placed laminates with damage at the notch tip
compared to conventional tape layup.

Introduction
As advanced composites continue to be utilized in large, primary structures, a need
exists to identify and quantify those parameters affecting fracture performance.
Structures are typically manufactured from thin (0.127 mm) prepreg tape (305 mm
wide), laminated and cured in an autoclave. Obviously, manufacturing large structures
with even moderate volume production schedules will require alternative processing.
One such alternative is Automated Tow Placement (ATP), also known as Fiber
Placement (FP). This manufacturing technique has the advantage that fabrication
production rates may be increased and the production may be automated. This
fabrication method, as developed by Hercules, is shown in Figure 1.

In Figure 1, individual tows are placed on a creel and passed through a robotic head.
A rotational axis, along with manipulation of the robotic head, allows placement of
these individual tows. Unlike conventional filament winding, where compaction is
provided via tensioning of the tows, fiber placement provides compaction via roller
pressure. This versatility allows for manufacturing structures which are not
axisymmetric and may even contain concave surfaces. Consequently, the designer is
not constrained to near geodesic paths. In addition, individual tow cut and add allows
for in-situ thickness control. These individual tows allow for intra-ply hybridization as
well.

'Hercules Materials Company, Composite Products Group, Magna, UT
’Boeing Commercial Airplanes, Structures: Advanced Composites, Seattle, WA
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This manufacturing process results in a tow to tow architecture which is different from
standard prepreg tape laminated structures. Small gaps and laps can form between
the tows, which are approximately 2.54 mm wide and between bands, which are 30
mm or greater. This can result in localized inhomogeneities. This is illustrated in Figure
2 for a [-45/+45/90/ +30/-30/0], laminate configuration. Figure 2 is a Computer
Aided Design (CAD) generated model of the ply by ply and tow by tow buildup in a
localized region of a structure. Each line represents the boundary between tows. The
regions where lines cross represent potential lap/gap sites. The minimum spacing is
approximately 1.5 tow widths or 3.8 mm. As a result, this manufacturing process
introduces another level of inhomogeneity which is greater than the thickness of
individual plies. As with other alternative forms such as woven materials, it is improper
to view fiber placement as a material form, especially with respect to fracture.
Therefore, a need exists to understand the influence of this inhomogeneity on
performance.

Impetus
The fiber placement architecture can result in improved fracture properties under
tensile loading applications as shown in Figure 3a [1,2]. This improvement in fracture
is an important parameter for improving Boeing's advanced fuselage performance as
shown in Figure 3b. This improvement has the largest influence on decreasing weight
with improved costs compared to conventional prepreg tape laminates. The motivation
behind this study is to understand the tensile fracture performance of fiber placed
structures.

Model Description

Global Model

To study the influence of notches, a global two-dimensional finite element model was
constructed. A mesh for this model is shown in Figure 4. The model is a half symmetry
model (important later) about the left hand side, which is fixed vertically at the bottom
and has a uniform vertical displacement at the top to simulate testing. This layup is
AS4/3501-6 in a [-45/ +45/90/ +30/-30/0], stacking configuration [3]. The region of
interest is near the tip of the crack. Hence, logarithmic mesh refinement was utilized at
the tip.

For greater accuracy near the crack tip, a hybrid membrane element based on the
Hellinger-Reissner principle M, was used [4,5]. In this formulation, assumed fields for
the stress and displacements are utilized.
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where o is stress
P is the interpolating function for the stress
u is the displacement vector
N is the displacement interpolating function
q is the nodal displacement
D is the kinematic operator matrix
B is the operator matrix in terms of nodal displacements
S is the element compliance
and V is the elemental volume.

Invoking the stationary condition 6M" equal to zero and condensing out the #
parameters yields an elemental stiffness matrix k, in terms of the nodal displacements
of the form:

k=GTH'G a)
where
G=[PTBdV b) (2)
174
H=[PTSPaV 9
\'4

Local Model

The local model is illustrated in Figure 5. This model is a half symmetry, 25.4 mm high
by 50.8 mm wide. The darkened areas represent elements which have different
membrane stiffness properties to represent laps or gaps. To bound the problem with
respect to inhomogeneity, laps were modeled as double stiffness regions, while the
gaps were modeled as resin regions. The distance between laps/gaps represents the
minimum inhomogeneity spacing. The elements are sized to approximate the 0.76 mm
maximum lap/gap which is specified in fiber placement.

Displacements were invoked around the perimeter from least squares fitting of the
displacements obtained from the global model. The local model is slightly more
compliant than the global model. Consequently, an error norm ratio for stresses along
the perimeter in the global region and the local region was constructed. The results
were multiplied by this first order correction [6].
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Failure Criterion - Basis for Comparisons

The Whitney-Nuismer Average Stress Criterion was implemented on a strain basis to
compare the results between models in the near field region [7] This was
implemented as:

SR - f0
8*%
4 (3)
— e(r0)dr
&,
a
where SR is the ratio of far-field strain to near-field strain

€, is the far-field strain of interest
a, is the averaging parameter (assumed to be a material constant)
and €(r,8) is the strain along a path in the critical direction

(not necessarily perpendicular to the applied load)

Using a progressive failure criterion, the failure of the 0° ply in the [-45/+45/90/ +30/-
30/0], laminate was determined to be critical. This fiber-dominated failure was utilized
as the basis of comparison.

Results

Influence of Inhomogeneity

As stated above, the fiber placement process results in an architecture which has local
inhomogeneities. To determine the effect of these inhomogeneities, the local model
was used to determine average strain near the crack tip. An averaging parameter a, of
3.81 mm was used based on previous tests on AS4/3501-6 [8]. The near-field ¢, strain
isocontours are shown in Figure 6a. This strain field is a classical plane stress
isocountour. In Figure 6b is the strain field for gaps (resin areas, i.e. compliant
inclusions) in the darkened regions shown in Figure 5. Notice that small perturbations
in the strain field can be seen around the perimeter of the isocountours. The case
where all of the inhomogeneity sites are laps (double thickness membrane regions, i.e.
stiff inclusions) is shown in Figure 6¢. Large perturbations in the strain isocontours can
be seen here.

The average strain in the case of laps divided by the baseline average strain is
approximately 0.97. The average strain ratio for the case of laps (stiff inclusions) was
found to be 0.89. Consequently, a slight improvement over the baseline results can be
expected to be gained on the basis of inhomogeneity alone.

A model of intraply glass/carbon hybrids was also conducted. The fiber placement
process allows for introducing intraply hybridization via individual tows. This results in
large, inhomogeneous regions. Large all carbon regions exist, and no benefit for local
average strain results was found for the case of intraply hybridization. The relative
improvement for inhomogeneity is shown in Figure 7.
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It is important to note that these studies are bounding cases. That is, the assumptions
of proximity and buildup of laps/gaps is rather severe. Actual improvement from
inhomogeneity alone can be expected to be less. The experimentally determined ratio
of fiber placed laminates to tape laminates is approximately 0.795 as shown in Figure
3a. This is much better than the 0.89 ratio determined for the case of laps.
Consequently, the influence of inhomogeneity on the strain field alone cannot
completely explain the benefits. This does not, however, preclude the inhomogeneity
from affecting the damage type and progression during fracture.

Influence of Damage

The results above indicate that inhomogeneity is not solely responsible for the
improvement from tape to tow. Clearly, some other mechanisms provide the
improvements. While the inhomogeneity has a moderate influence on the strain field, it
is expected to have a large influence on damage progression during fracture. In Figure
8 are shown dye-enhanced radiographs of tape layup and fiber placed, notched,
fractured laminates. Notice the much larger damage zone ahead of the crack tip in the
case of fiber placed laminates compared to the tape layup laminates at final fracture.
This damage size is on the order of the size of the original notch. The influence of
laps/gaps on splitting and delamination has been postulated previously [1,2]. The goal
here is to quantify the influence of these damage types on final fracture.

The damage produced is three dimensional. Different plies split and delaminate. A
complete, three dimensional model of these damage types would be quite
complicated. To model splitting and delaminations with some degree of pragmatism, a
stacked membrane model was developed. In this model, membrane elements are
stacked to simulate ply-by-ply lamination. Delaminations were introduced by releasing
nodes through the thickness. Splitting was introduced by releasing nodes in the plane
[9]. Therefore, while interlaminar stresses cannot be accurately modeled, the influence
of constraints by surrounding plies and material can be modeled in the plane of a ply.
This technique was found to be simple and practical. The stacked membrane region is
illustrated in Figure 9. Here, the half-symmetry is necessary, since the presence of
membrane extensional-shear coupling (A, and A, in classical laminated plate theory)
may be important.

Splitting alleviates the influence of the sharp notch and acts as a crack blunting
mechanism in composites. This is illustrated in Figure 10. The surrounding plies are
shown in Figure 10a, while deformation of the 0° ply is shown in Figure 10b. The node
is released adjacent to the notch allowing shear lag to occur. Various splitting lengths
were modeled (up to 0.8 times the notch length of 2a). Delaminations also alleviate the
influence of the notch. The delamination allows plies to deform independently. This can
also lower strains ahead of the notch. A variety of delamination sizes were modeled
(up to 0.8 times the notch length of 2a).

Combined splitting plus delaminations provides the most benefit. In Figure 11 is
ilustrated the deformation of surrounding plies and the 0° ply with a split plus
delaminations in the surrounding plies. Notice that the material ahead of the crack tip
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acts almost completely independently from the material behind the crack tip. This
deformation is plotted on the same scale as shown for Figure 9.

Isocountours for the ¢, strain are shown in Figure 12. The surrounding plies again
exhibit classical plane stress behavior in Figure 12a, while the spilit ply distributes strain
over a larger region in Figure 12b. Also, the isocountours are much more uniform than
in Figure 12a. Higher, localized strains can be seen above and below the crack as
stress is reintroduced via shear lag.

The influences of these various damage types on average strain compared to baseline
results are shown in Figure 13. The Sqrt [d/a] is the square root of the half damage
size divided by original half crack length. For all damage types, the damage has little
effect, until a large enough damage size is present to redistribute the local strain field.
This occurs between Sqrt [d/a] equal to 0.2 to 0.4. Splits alone or delaminations alone
cannot explain the benefit of experimentally observed improvement from tape to tow. A
combination of damage types provides the most benefit.

Conclusions and Recommendations
A study of the influence of inhomogeneity and damage on the tensile fracture
performance of structures manufactured from fiber placement has been conducted. A
global hybrid finite element model was constructed, and a local inhomogeneity model
was constructed to explore strain fields near the crack. The results indicate that
inhomogeneity can provide some benefit, but cannot completely explain the
experimentally observed improvement in tensile fracture of laminates manufactured
from conventional prepreg tape to laminates manufactured from fiber placement. A ply-
by-ply stacked membrane model was utilized to study the influence of splitting,
delaminations, and combined damage. The stacked membrane approach was found
to be a practical two-dimensional method of analyzing damage which is essentially
three dimensional. Additional configurations need to be examined to determine
limitations. The influence of damage types, which are enhanced with fiber placement
appears to play a greater role in the improvement compared to the inhomogeneity
effects alone. Splitting provides some improvement, as well as delaminations.
However, up to 36% improvement was provided by combined delaminations and splits
for the damage sizes studied here. This interesting phenomenon warrants further
research. In particular, while the enhancement from fiber placement is clearly beneficial
for tensile fracture, it is necessary to determine if these damage types are beneficial for
fracture of structures loaded in compression and shear as well.
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